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A  Terahertz  Imaging  Radar  System  which  exploits  superconductive  electronics  for  all  of  its 
major  components  is  described  in  this  report.  In  particular,  the  importance  of  the  super¬ 
conducting  millimeter  (ram)  wave  phase  shifter  in  the  development  of  such  systems  has  been 
fully  investigated.  The  experimental  and  theoretical  results  presented  here  are  better 
than  we  expected  to  achieve  under  Phase  I  of  the  project.  Conventional  technology  is  unable 
to  provide  the  high  frequencies  required  to  obtain  small  apertures  for  target  acquisition. 
Superconducting  technology  offers  a  high  performance,  very  broadband  and  low  power,  mm  and 
sub-mm  wave  phase  shifter  based  on  superconducting  microstrips.  The  physics  of  che  non- 
equilibrium  superconductivity  underlying  the  operation  of  the  superconducting  raicrostrip 
phase  shifter  has  been  studied.  Theoretical  analysis  and  numerous  experimental  results 
show  that  superconducting  stripline  modulation  leading  to  phase  velocity  reduction  and 
subsequent  phase  shift  is  achievable  by  quasi-particle  injection.  A  digital  N-bit  phase 
shifter  based  on  the  superconducting  microstrip  transmission  line  is  proposed  f or developmen l 
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ABSTRACT 


A  theoretical  study  has  been  made  of  the  physics  of  the 
non-equilibrium  superconductivity  underlying  the  operation 
of  the  superconducting  microstrip  phase  shifter.  The 
penetration  depth  of  some  superconductors  has  been  studied 
and  a  relation  between  penetration  depth  and  quasi-particle 
density  obtained.  The  power  loss  in  transmission,  in 
superconductors,  has  been  analyzed  as  a  function  of 
frequency,  to  ascertain  the  limits  of  performance  of  the 
phase  shifter.  The  results  show  that  the  superconducting 
phase  shifter  can  operate  at  frequencies  as  high  as  the  gap 
(0.7  THz  in  Nb) .  Injection  mechanisms,  to  locally  weaken 
superconductivity  and  perform  strip  line  modulation  have 
been  studied.  A  digital  superconducting  phase  shifter  is 
proposed  for  use  in  Terahertz  Imaging  Radars.  The  above 
studies  show  that  the  superconducting  phase  shifter  offers 
high  performance,  with  very  broad  bandwidth  and  low  power 
dissipation  and  will  fulfill  a  critical  need  in  the  design 
and  operation  of  mm  and  sub-mm  wave  imaging  radars. 
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INTRODUCTION 


The  design  and  operation  of  phased  array  antennas, 
operating  in  the  nun  wave  and  sub-nun  wave  regions  of  the 
electromagnetic  spectrum  is  strongly  dependent  on  the 
availability  of  passive  and  active  components  such  as 
transmission  lines,  local  oscillators,  phase  shifters, 
etc..  Critical  to  the  design  of  these  systems  is  the 
development  of  the  phase  shifter,  since  the  beam  from  an 
array  can  be  scanned,  or  switched  from  one  position  to 
another,  in  time  limited  by  the  switching  speed  of  this 
device-!  .  Current  phase  shifters  based  on  conventional 
technologies,  cannot  handle  these  frequency  requirements. 
Besides  their  limited  bandwidth,  conventional  devices  are 
constrained  by  their  power  requirements. 

Superconducting  technology  offers  a  high  performance,  very 
broadband  and  low  power,  mm  and  sub-mm  phase  shifter  based 
on  superconducting  microstrip  interferometers.  This  unique 
phase  shifter  combines  the  physics  of  non-ecuilbrium  super¬ 
conductivity  with  high  performance  superconducting 
transmission  lines  to  achieve  continuous  modulation  of  the 
phase  velocity  by  electronic  or  optical  means.  Phase 
shifters  designed  from  these  interferometers  are  expected 
to  provide  extremely  wide  bandwidths  (hundreds  of 
gigahertz),  and  very  high  speed  (sub-nanosecond)  responses 
for  wavelengths  less  than  one  millimeter.  The  thin  film 
fabrication  of  microstrips  will  ensure  large  scale 
reproductability  and  permit  numerous  circuits  on  a  wafer, 
as  required  for  a  large  number  of  phase  shifters.  In 
addition  to  high  resolution  imaging  radar  applications,  the 
large  bandwidths,  small  antenna  sizes  and  narrow  beamwidths 
permitted  at  these  frequencies,  lend  themselves  to 
applications  in  low-angle  tracking,  interference  free 
radar,  cloud  physics  radar,  electronic  counter¬ 
counter-measures  (ZCCM),  fuzes  and  missile  guidance-11. 
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In  this  paper,  we  investigate  the  physics  of  non¬ 
equilibrium  superconductivity  as  it  applies  to  the  design 
of  superconducting  phase  shifters.  We  study  propagation 
and  losses  in  superconducting  transmission  ] ines  for  the 
very  high  frequencies  (hundreds  of  gigahertz),  needed  for 
sub-mm  wave  operation  of  phase  shifters.  Results  obtained 
by  various  experimenters,  are  reported  to  show  the 
feasibility  of  the  superconduct ing  phase  shifter. 
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Penetra  c ion 


Deoth  and  Qua s i -  Particle  Den si  tv 


! 

t 

|  The  London  equations  describing  the  behavior  of  super- 

|  conductors  in  a  magnetic  field  predict  that  currents  and 

1  magnetic  fields  in  superconductors  can  exist  only  within  a 

layer  of  thickness  Al  of  the  surface.  Al  is  given 

by  2 


Al2  =  m*/ e*2n^  uq 


whe- 

p:e  m*  is 

the 

effective 

pair  mass 

e  *  is 

the 

effective 

charge  of  a  pair 

np  is 

the 

density  of 

Cooper  pairs. 

t 

The 

supercor.duct 

ing 

state  can 

be  described2,  as  asserted 

bv  Ginzburg  and  Landau  by  a  complex  order  parameter  /(f), 
which  vanishes  at  temperatures  above  Tc  and  whose  magnitude 
measures  the  degree  of  superconducting  order  at  position 
r.  The  magnitude  of  )^(f)  may  be  identified  in  the 
Ginzburg-Lancau  theory  with  the  density  of  Cooper  pairs. 


Y\2 


0 

p 


Combining  Ec . 


and  Ec.  2  we  get 


- (2) 


l/lV'l2 


— -(3  ) 


Gorkov  has  s'nown2  that  'f'  is  directly  proportional  to  the 
energy  gap  parameter  A.  This  implies  a  relation  between  A 
and  A^  /■ 


/\[_(n.T)  _  A  Co) 

A  l(o.T)  ACn) 
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where  n  is  the  normalized  excess  quasi-parcicle  density  m 
units  of  4  N(o)A(o),  N(o)  being  the  Bloch  density  of 
stares.  T  is  the  temperature  in  Kelvin  of  the 
superconducting  sample.  The  value  of  n  depends  on 
temperature,  magnetic  field  and  quasi-particle  injection. 

The  above  phenomenological  expression  reveals  that 
significant  modification  of  the  penetration  depth  can  be 
realized  through  suppression  of  the  energy  gap  by  any  of 
the  means  mentioned  above. 

The  dependence  of  energy  gap  on  excess  cuasi-particle 
density  n ,  is  given  for  small  n,  by 4 

A(n)  ~  i  -  2n  —-(5) 

A  Co) 

Combining  Eq.  4  and  Sc.  5  gives  a  relation  between  the 
penetration  depth  and  the  excess  cuasi-particle  density. 

/N^kO/O  s  ,._2n  ---(6) 

AL(n' 1  ) 

An  increase  in  r.  thus  leads  to  an  increase  in  the 
penetration  depth. 

/\L(o,T),  in  the  above  equations  is  the  penetration  depth 
at  temperature  T  in  absence  of  external  perturbation.  It 
is  related  to  the  penetration  depth  at  absolute  zero  ^L(c) 
by  the  semi-empirical  relation^ 

A^T)  =  XLCo)[  1  -  (T/T  )“*]  --(7) 

Knowing 
Ah  L  (  o  ) 


the  value  of  To  and  A  L  at  any  other  temperature, 
can  be  obtained. 


pace  5 


:cr  non-granular  type  II  superconductors  sucn  as  niobium, 
and  lead  containing  impurities  such  as  Au ,  In  or  Bi,  the 
penetration  depth  has  been  shown  to  be  dependent  on  the 
residual  res  is t ivi ty  P ( Tc ) .  We  havec 


A  [Ay  ),t)  =X,  (i).ii  *  P<jr)i'  : 

J(o,T ).0°(T  ),KT  IT 


- (  S  ) 


where 


is  the  coherence  length 
Z3  (  T  c)  is  the  residual  resistivity 

1 ( Tc )  is  the  electron  mean  free  path 

J(o,T)  is  a  BCS  range  function  with  values 
between  1  and  1 .33  for  T  between  o 


At c)  .!(' 


and  Tc 

is  a  constant  for  the  material 


/Al(T)  is  the  oenetration  ceoth  from  Zc.  7 


The  penetration  depth  is  thus  increased  from  value  /\L 
by  its  dependence  on  the  electron  mean  free  path  and 
residual  resistivitv. 


)f  Al 


vs.  the  resicua. 


Since 


emperature  resistivity  ana  resicua: 
niobium  are  related  bv  Mathiessen's 


u  1  OK):  1  4.5  ilQ-cm 


/\  _  can  a.so  oe  obtained  as  a  function  of  the  room 
temperature  resistivity.  The  room  temperature  resi 
can  be  conveniently  obtained  from  the  square  : 
measurement  ?.^(3CQK)  and  the  film  thickness  d, 


)  K)  =  R _Co00  Kid 
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Figure  2  shews  the  relation  between  penetration  depth 
the  residual  resistivity  P(Tc)  for  lead  containing 


impurities . 


The  fit  to  Eg.  3  is  evident . 


Eq.  3  which  is  valid  for  non-granular  type  II  super¬ 
conductors  ,  is  not  valid  in  the  case  of  NbN.  Here  the 
Ginzburg-  Landau  theory  for  the  3CS  weak  coupling  case  in 
the  dirty  limit  with  strong  coupling  correction  yields'? 

X  „  '/l 

AL(o)  =  9  5.3  (/^Tc  (  uJlcm  ) /Tc  (  K )  )  - (11) 

The  Eqs .  7,  8  and  11  relate  penetration  depth  with 
temperature  and  residual  resistivity,  which  are  the 
parameters  to  be  varied  in  implementation  of  the 
superconducting  phase  shifter. 


Experimental  evidence  for  the  relation  between  penetration 
depth  and  excess  quasi-particle  density  has  been  provided  by 
Weinberg  in  his  Master's  Thesis8.  Transmission  line 
modulation  was  achieved  by  the  use  of  optical  radiation  to 
suppress  the  energy  gap,  and  also  by  temperature  variation. 
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»sy? 


Less  in  Superconductor s  and  Frecuer.cv 


Superconductivity  may  be  described  by  a  two-fluid  model 
where  the  Cooper  pairs  give  rise  to  only  a  reactive 
impedance,  while  normal  electrons  have  both  reactance  an 
resistance.  The  losses  associated  with  this  resistance 
verv  small  and  become  important  or.lv  at  hich  frecuencies 


The  classical  skin  effect  parameter  5  is  given  by? 

J/2 


o  =  (2/tJcm) 


wnere 

and 


Oj  is  the  frequency 

cr  is  the  comolex  conductivity, 


The  derivation  for  impedance  and  phase  velocity  presente 
assume  that  the  skin  effect  parameter  5  is  much  larger  t 
the  London  penetration  depth  Au.  At  lower  and  moderate 
frequencies,  the  skin  effect  parameter  is  about  two  orde 
of  magnitude  greater  than  the  superconducting  pe.netratic 
depth.  However,  as  can  be  seen  from  Ec.  12,  very  high 


frequencies  can  significantly  reduce  the  skin  depth, 


resulting  m  power  acscrpticn.  Since  t.ne  penetration  ce 
is  a  function  cf  temperature  'ref.  Eq.  7),  lower 
temperatures  aid  in  the  use  of  hicher  frecuencies. 


The  condition  that  A ^  be  small  relative  to  the  skin  dept 
implies  an  upper  cutoff  frequency  fc,  such  that 

2 

t  <<  1 /(nAjjicr)  =  fc  - (1 


pace  8 


■  >rl 


where  fc  may  be  interpreted  as  the  upper  cutoff 
of  the  wave  orooacating  in  the  strroline  and  a  , 
conductivity  of  the  normal  electrons,  which  may 
approximated  by 


f  r  e  c  uencv 


Z3  _  ■  ,  *C 


<T 


- (14) 


where  Ch'  is  the  normal  conductivity  just  above  the  critica 
temperature,  Tc. 


Both  Al  and  a 
path,  1.  In  t 
zero  temperate 
independent  of 
1-1 .  For  thin 
thickness  limi 
limit  fc  will 
effect  domir.at 


are  dependent  upon  the  electronic  mean  free 
he  "clean"  limit  case,  where  1  > > so  (d  is  th 
re  coherence  length),  Al_  is  nearly 
1  whereas  cr~l.  Hence,  in  this  case  fc  — 
samples,  where  the  mean  free  path  becomes 
ted,  i.e.,  1  >  film  thickness,  the  clean 
saturate.  Also,  if  1  >5  the  anomalous  skin 

es  . 


In  the  "dirty"  limit,  (1  <<£e  ),  X”  ~  1-1  and  <T  ~~  1 

( equivalently  5  —  1-1  ) ,  fc  becomes  independent  of  1. 


For  niobium  assuming 
lower  bound  with  <r 
for  a  lossless  line, 


Al 


oc  . 


p  —  *  — ■* 

=  G50  A,  u  =  no  and  0  =  CN  as  a 
50  *  10-9  Q  _  nn ,  the  criterion 
13  is 


f  <<  2  *  1012  H:  *  fc 

For  NbN  assuming  Al  =  3000 
the  criterion  for  a  lossles 


- (1  5a 

X  and  1  500  *  1  0-9  Qm, 

line  is 


f  <  <  4  *  1  01 2  Hz  =  fc  - { 1  5b 

[the  higher  cut-off  frequency  for  higher  Tc  superconductor s 
[  e .  g .  NbN  versus  Mb )  is  of  great  significance  to  the 
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development  or  the  superconducting  phase  shifter.  Using  the 
newly  developed  material  Ba-La-Ca-Cd 0 f  critical 
temperatures  as  high  as  40K  can  be  obtained.  This  would 
imply  extremely  high  (tens  of  terahertz)  cut-off  frequency. 
The  simplification  to  the  cryogenics,  in  reducing  the 
close-cycle  refrigerator  to  a  single  stage  may  also  be  noted, 

Recent  experiments  by  C.C.  Chi  et.al.11  with  coplanar 
superconducting  niobium  transmission  lines  have  achieved 
dispersion-free  pulse  propagation  upto  0.7  THz  (which 
corresponds  to  the  energy  gap  in  their  sample).  Little 
attenuation  is  observed  below  the  superconducting  gap 
frequency  but  strong  attenuation  above  it. 

These  experimental  results  agree  well  with  the  theoretical 
predictions  of  the  Mattis-3ardeen  formulation  of  complex 
conductivity  in  superconductorsl 2 .  Higher  transmission 
frequencies  can  be  achieved  if  a  larger  gap  superconducting 
material  such  as  NbN  is  used. 

3CS  theory  gives  a  better  estimate  of  surface  impedance  than 
the  two-fluid  model  used  in  Ec.  14.  The  surface  resistance 
in  microwave  cavities  is  cescribec2  by  (for  -hw  <  A^T)  and  T 
<  0 . 5  Tc  ) 


P.  =  (Cuj  ;  exp  [  -  A(T)/k  _TI  +  R 
s  - -  6  o 


--(16 


where  C  is  a  constant  and  Ro  a  temperature  independent 
residual  surface  resistance. 

3elow  the  energy  gap  frequency  (0.72  THz  for  niobium  at 
4.2K),  the  surface  resistance  of  a  suoerccncuctor  is  order: 


of  magnitude  smaller  than  that 


a  normal  metal,  sacn  as 


copper.  Also,  the  surface  reactance  below  the  energy  cap 
varies  as  qj,  making  it  appear  exactly  as  an  inductor.  This 


mmzism 
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Above  the  energy  gap,  a  superconductor  behaves  like  a 
normal  metal  of  conductivity  G~N. 

The  attenuation  Q:dB  is  related  to  the  real  part  of  the 
propagation  constant^ 3  (7 =VZY  where  Z  is  the  series 

impedance  and  Y  the  shunt  admittance  of  a  unit  length  of 
line)  bv 


adB  -  20LogicRe(7) 


---(17) 


Fig.  3  compares  the  attenuation  in  d3/m  of  striplines  of 
copper  and  niobium  at  4.2K.  The  superiority  of  the  niobium 
stripline  at  frequencies  below  2 A  /fi  is  evident. 


HYPRES  has  the  facility  and  technology  to  fabricate  films 
of  NbN  for  the  measurement  of  surface  resistance.  Fig.  4 
shows  recent  results  of  measurements  of  the  surface 
impedance  of  NbN  fabricated  at  HYRRZSl 4 .  Figs.  5  and  6 
show  results  for  the  7  to  1  0  GHz  frequency  rangel 5 . 

HYPRES  is  continuing  in  its  efforts  to  fabricate  NbN  films 
of  low  surface  resistance.  Fig.  7  shows  the  variation  of 
the  surface  resistance  of  niobium  and  lead  as  a  function  of 
temperature.  Fig.  8  shows  studies  by  NRL  and  MIT  Lincoln 
Labs  comparing  the  RF  loss  of  niobium  and  niobium  nitride 
as  a  function  of  temoerature. 
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As  shown  in  the  earlier  sections,  suppression  of  the  energy 
gap  and  increase  in  the  penetration  depth  can  be  achieved 
by  increasing  the  number  of  quasi-particles  in  the  super¬ 
conductor. 


Three  mechanisms  possible  for  quasi-particle  injection  are: 


a)  heat 

b)  optical  irradiation 

c)  by  electrical  injection 


WeinbergS  has  demonstrated  modulation  of  phase  velocity 
in  superconducting  strip  lines  by  simple  temperature 
variation  of  the  cryogenic  environment.  By  raising  the 
temperature  to  near  Tc ,  reduction  of  the  phase  velocity  of 
the  strip  line  of  approximately  75%  has  been  observed.  The 
experimental  results  verify  Eqs.  4  through  7. 


The  relation  between  phase  velocity  Vp  and  X  for  a 
micrcstrip  line  is  given  by3 


(18) 


where  di  is  the  transmission  line  thickness 
eg  is  the  ground  plane  thickness 
and  to  is  the  thickness  of  the  insulator. 


From  this  equation,  suppression  of  the  energy  gap  of  either 
the  strip  line  or  the  ground  plane  superconductors,  will 
increase  the  corresponding  penetration  depths,  and 
therefore  decrease  the  phase  velocity. 
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Consequently : 


f- 


C  1 


5T  =V^€ 


l 


coth  di 


X: 


_d 

X  ■ 


-  coth  dj_  ( 

i  x,  ) 


to 


•{ 


s+'/2- 


1  Ca' 


1  -  Xi  coth  c  i 

x.. 


to 


9  coth  co 

to  "X  c 


Where  6 T  is  the  additional  time  delay  casued  by  the  chance  in  the 

» 

penetration  depth  of  the  stripline  due  to  cuasiparticie  injection 


In  order  to  get  a  numerical  value  for  5c  we  assume  tha' 


dg  =  3000  A 
di  =  3000  a 
Xi  =Xg  =  3000  A 
3000  A 


(  1  S  f  ) 


o 

e_=  4.0 


and 

dX  i 

=  0.05  Xi 

rhe 

last 

equation,  as  we 

see  later 

,  restric 

ts  the  oh 

the 

line 

impedance  to  a 

much  less 

than  5%, 

which  is 

ve  n 

eed 

to  maintain  the 

trar.smiss 

ion  line 

impedance 

its 

ecu! 

librium  value. 

Equations 

13e  and 

1 3  f  will 

result  m 


0 T  =0.026 


1  Sg) 
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or  tne  chase  sh: 


:or  a  100  GHz  signal  is 


0  O  =  &  qT  =  111.9  rad /m  =  6.4  degrees/ mm 


As  the  film  thickness  (d.)  decreases,  the  kinetic  inductance 
the  transmission  line  becomes  a  stronger  function  of  the 
quasiparticle  density.  Consequently,  one  can  arbitrarily  inc 
the  phase  shift  for  a  fixed  length  of  superconductor  by  ad]  us 
the  stripline  thickness.  For  instance,  in  the  case  of  the 

o 

previous  example,  reducing  d.  to  1000  A  results  in  15  degrees 
chase  shift  fcr  the  same  chance  in  the  cenetration  cecth. 


2 


/C  and  Equation  18c  we  gei 


Using  numerical  values  given  by  Equation 


tne  imcecar.ce  is 


02  _ ,0.02 


wnicn_ is  quite  accectar 
nW/umz  ir.tensitv  to  acc 


_e  and  requires  an  IP.  source 
:mc lish  such  chase  shifts. 
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A  mere  novel  tech.ni 


e  for  oho.non 
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injection  would  be 
inject  ncnequilibr lum  phonons  from  r.onradiative  states  : n 
optically  illuminated  semiconductor s  such  as  Si  or  GaAs. 
This  method  has  been  used  by  Iguchi  for  phonon 
detection* 5.  Light  is  transmitted  through  an  optical 
fiber  onto  a  Si  or  GaAs  wafer.  A  film  of  aluminum  and 
silicon  nitride  separates  the  silicon  from  the  junction  ( 
our  case  the  strip  line).  The  aluminum  prevents  direct 
transmission  of  light  onto  the  phonon  sensor  and  the 
silicon  nitride  isolates  the  aluminum. 


A  variation  of  this  technique  could  be  used  to  inject 
phonons  into  the  strip  line  or  the  ground  plane.  Phonons 


whose  energy 

is  greater  th 

an 

the 

energy 

gap  contribute  to 

the  pair-bre 

aking  process 

in 

the 

supers 

onductor.  The  gap 

reduction  is 

proporf iona  1 

to 

the 

number 

of  phonons  incite 

on  the  film  per  unit  time. 


The  above  technique  used  by  Iguchi  for  phonon  defection  b 
a  tunnel  junction,  can  be  modified  to  obtain  a  change  in 
penetration  depth  and  strip  line  modulation.  The  respcr.se 
time  is,  in  principle,  determined  by  the  nonequilibrium 
lifetime  cf  a  superconductor  and  can  be  cf  order  of 
nanoseconds  or  less. 


Gap  suppression  by  irradiation  with  light  has  been 
demonstrated  by  several  experimenters ,  most  recently  by 
investigators  at  HYPRES*  7  , '  3  .  Irradiation  v;ith  infrared 
radiation  produces  cues i -particles  in  the  superconducting 
film  by  the  breaking  cf  Cooper  pairs,  in  accordance  with 
Ec.  3.  HYPF.ES  has  investigated  the  response  of 
super  o  inducting  thin  films,  Josephscr.  junctions  and  array 
cf  Josephscr.  junctions  to  radiation  m  the  ‘  to  2C  micron 
region,  as  part  cf  an  CYR  project  to  build  an  infrared 
i  rr.  a  c  0  crocsssir.c  3 v s *1 0 m  z. x 3, r a m 0 1  v  h  1  z r.  s 0 r. s  1  3 1  v  1  3. 1 0 3  ,  3 

z n 0  erder  Z  3  7 ! ':}  h a v 0  z a 0 n  o b 3 a  1  n e a  wit h  t  r.  a  '  ur.ct  1  tr.t 
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and  arrays  in  the  entire  wavelength  range.  Such  high 
responsivities  are  not  possible  in  an  entire  wavelength 
range  using  conventional  techniques. 

Fig.  9  shows  the  I-V  curves  of  a  Josephson  junction  and  of 
an  array  of  50  such  junctions,  with  and  without  exposure  to 
infrared  radiationIS.  The  suppression  in  gap  on 
irradiation  is  clearly  evident.  KYPRES  is  currently 
working  actively  on  Phase  II  of  the  image  processor  project 
to  further  enhance  the  device  sensitivity  and  build  an 
integrated  image  processor  using  superconducting 
technology . 

Weinberg8  has  shown  that  the  phase  velocity  in 
superconducting  strip  lines  can  be  modulated  by  irradiation 
with  an  argon  ion  laser.  The  penetration  depth  increased 
by  a  factor  of  1.78,  corresponding  to  a  44%  change  in  gap 
energy.  The  maximum  reduction  in  phase  velocity  was  28% 


(see  Eq. 

18)  ; 

the 

self -inductance 

increased 

by  a  drama 

tic 

92%  over 

its 

value 

in  the 

equilibrium  state 

and  the 

impedance 

was 

obse 

rved  to 

undergo 

a  maximum 

change  of 

40% 

In  these 

expe 

rimer. 

ts,  the 

sample 

was  direct 

ly  illumina 

^  5C. 

with  laser  light.  Light  could  also  be  guided  onto  the 
sample  using  a  fiber.  The  evanescent  portion  of  an  optical 
guided  wave  has  also  been  used  in  an  integrated  optic 
experiment  to  locally  weaken  superconductivity  in  thin 
films  of  lead" 9.  This  last  technique  has  the  advantage 
of  permitting  a  precise  determination  of  parameters  such  as 
the  geometry  of  the  illuminated  region. 

The  response  time  to  optical  illumination  has  been  studied 
by  several  groups.  In  general,  the  recombination  time  is 
not  that  of  quasi-particles  alone.  Phonons  created  by  high 
energy  quasi-cart icles ,  can  decay  to  produce  mere  quasi- 
particles,  leading  to  a  cascade.  The  response  time  oar. 
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:hen  be 


.mited  oy  the  cr.onon  escape  pice ,  rather  Phar. 


quas i -par t i cl e  reccmcir.aticn  pace.  Studies  oy  Chi  et.al.-v 
with  picosecond  laser  pulses,  have  shown  the  phonon  escape 
Pice  to  be  of  order  of  nanoseconds  in  lead. 


Gap  suppression  in  a  superconducting  thin  film  by  electronic 
injection,  has  been  studied  mainly  with  a  viewpoint  of 
utilizing  the  properties  in  devices  such  as  the 
Quitercr.21  .  In  this  device,  a  tunnel  junction  is  used  as 
a  means  of  injecting  quasi-particles  and  suppressing  the 
gap.  For  the  purposes  of  weakening  superconductivity,  it  is 


not  necessarv  to  nave  the  current 


,ow  tnroucr.  tne  cevice  ct 


interest  itself.  Current  flow  in  a  control  line,  in 
proximity  to  the  device,  can  be  used  to  control  the  c 
current . 


ill  three  injection  mechanisms;  heat, 


eiectr: 


are  capao^e  or  procucmg  gap  suppression  anc 


stripline  modulation,  a  conclusion  as  to  which  mechanism  is 
most  efficient  and  suitable  would  aeoend  on  the  actual  chase 


tester,  uncer  consideration. 


nrst  steo  towarts  tne  cesica  and  rabricaticr.  or  a  chase 


shifter  would  be  to  studv  the  effects  of  coticai 


irraciati: 


or.  SQUID  circuits.  The  change  in  resonance  frequency  on 
irradiation  could  be  studied  as  a  function  of  intensity, 
wavelength  and  the  circuit  parameters  such  as  inductance 
HYPRZS  has  alreadv  accuired  the  necessary  ecuicnett"/'  - 


to  remonstrate  tne  errects  or  cctical  irradiation 


in  such  circuits 


r.  further  step  leading  to  the  actual  implementation  of  a 
and  suc-mm  wave  chase  snifter  would  be  to  res i on  and 
fabricate  actual  chase  shif tme  elements.  Two  tvees  of 


nase  snifters  are  erreoser . 


is  a  surer 
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v>; 

microstrip  int 

line  is  split 

ii 

Guasi-particie 

cause  a  change 

by  Eq.  IS)  and 

ci  rma  1  c 

.  g.  10)  where  a 


n  s  m  i  s  s  i  c  r. 


)i  the  two  linos  woulc 


signals  . 


A  second  phase  shifter  design  could  be  a  superconducting 
microstrip  resonant  ring  (see  Fig.  11  ).  Here  the  resonance 
frequency  of  the  ring  is  changed  by  quasi-particle 
injection,  owing  to  the  change  in  phase  velocity.  This 
design  has  the  advantage  that  attenuation  can  also  be 
measured  as  a  function  of  cuasi-particle  injection.  HYPEZS 
has  the  capability  to  design  and  fabricate  both  of  these 


After  the  properties  of  phase  shifting  under  quasi-particle 
injection  are  studied  using  such  phase  shifters  as 
microstrip  interferometers  and  resonant  rings,  a  practical 
realization  of  rum  and  sub-rum  wave  phase  shifters  can  be 
achieved  with  the  knowledge  gained  from  these  studies.  Such 
a  phase  shifter  promises  high  performance,  with  broad 
bandwidth  and  low  power  dissipation,  and  will  fulfill  a 
crucial  need  in  the  area  of  phased  array  antennas  and 
imaging  radars.  To  this  end,  HYPRES  proposes  the  design  of 
a  digital  superconducting  phase  shifter  described  in  the 
next  section. 
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Diaital  SuDerconducti.ua  Phase  Shifte: 


KYPRES  proposes  the  development  of  an  NT-bit  superconducting 
phase  shifter.  Such  a  phase  shifter  has  2N  steps,  with  a 
phase  shift  per  step  of 


Acp  _ 


(1 


Fig.  12  shows  a  3-bit  phase  shifter  with  an  electrical 
control  mechanism.  The  RF  circuit  is  simply  a 
superconducting  microstrip  line  with  three  Josephson 
junctions  underneath  the  ground  plane.  3y  controlling  the 
bias  current  of  the  Jcsephson  junctions  to  inject  quasi  - 
particles  into  the  ground  plane,  the  London  penetration 
depth  changes  which  subsequently  alters  the  phase  velocity. 

The  3-bit  digital  control  is  provided  by  three  separate 
Josephson  junctions.  The  first  junction  covers  the 

>r  a  180°  phase  change.  The  second 
length  of  the  first  one  for  a  90° 
junction  covers  half  the  length  of 


micrcstri 

p  line  length  f 

j  unction 

covers  hal 

f  the 

k..-*. 

chase  cha 

nee .  The 

third 

K./ 

^ ’m a  sec^r 

d  one  for 

a  ~5° 

S? 

3  ^  i*  s  u  a  *** 

with  N>3, 

the  b 

Sf 

0/. 

sections 

cicici ^ci  • 

K< 

m 

An  optica 

1  version 

of  th 

proposed 

(see  Fig. 

13)  . 

reoea 


a no  mere 


region  will  provide  the  required  phase  shift,  by  means  of 
quasi-particle  injection  via  pair  breaking  in  the 
superconductor.  The  cuas i -particle  injection  can  also  be 
accomplished  by  the  use  of  optical  waveguides,  using  the 
fringe  field  of  the  guided  laser  light.  The  expected 
performance  of  such  a  3-bit  shifter  is  described  as  follows 
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(  1  )  Frequency  Ranee 


Since  niobium  has  a  cut-off  frequency  at  700  GHz, 
the  operating  frequency  for  a  niobium  phase  shifter  enters  the 
sub-millimeter  range.  Niobium  nitride  has  a  much  higher 
cut-off  frequency  than  that  of  niobium,  and  the  operating 
frequency  for  a  niobium  nitride  phase  shifter  reaches  the 
terahertz  range. 

( 2 )  Frequency  Band 

The  phase  shift  of  a  TEM  mode  or  quasi-TEM  mode 
transmission  line  is  proportional  to  the  frequency. 

Therefore,  the  relative  bandwidth  of  a  plain  transmission  line 
phase  shifter  is  limited  by  the  tolerance  of  the  phase  shift. 
For  instance,  according  to  Equation  (19),  the  step  of  a  3-bit 
phase  shifter  is 

2T  (20) 

=  _  =  45° 

If  20%  of  A  <? ,  i.e.,  r  9°  is  the  allowed  phase 
tolerance,  then  the  realtive  bandwidth  can  be  calculated  as 
follows 

9  °  -  ( -  9°)  18°  (21) 

-  =  -  =  5.7% 

180°+9C°+45°  315° 

Even  so,  the  absolute  bandwidth  for  terahertz 
operating  frequencies  is  very  wide  (several  tens  to  the 
hundred  of  GHz). 

(  3  )  Attenuation 

The  attenuation  of  a  superconducting  phase 
shifter  is  determined  by  the  total  length  as  well  as  the 
attenuation  constant  of  the  transmission  line.  The 
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attenuation  constant  of  a  superconducting  line  depends  on 
the  temperature,  frequency  and  material.  For  niobium,  the 
attenuation  constant  is  at  least  an  order  of  magnitude  lower 
than  that  of  the  conventional  line.  For  niobium  nitride,  if 
is  even  lower. 

( 4 )  Mismatch 

For  a  plain  microstrip  line,  there  is  no 
discontinuity  causing  mismatch,  which  is  the  great  advantage 
of  a  superconducting  phase  shifter  over  a  conventional  one. 
The  phase  velocity  Vp  and  characteristic  impedance  2C  of 
a  TEM  line  are  given  by: 


V? 


(22) 


2c  =  yJL/C 


(23  ) 


When  the  quasi -particles  are  injected  to  vary 
L,  according  to  Equation  (22),  the  phase  velocity  changes. 
At  the  same  time,  however,  according  to  Equation  (231,  the 
characteristic  impedance  changes  as  well.  This  effect 
causes  mismatch  and  also  changes  the  attenuation.  This 
mismatch  can  be  minimized  by  increasing  the  total  length  of 


he  line. 

The  longer 

length  requires 

less  change 

of  the 

ncuctance 

L,  for  the 

same  amount  of 

phase  shift. 

heref ore , 

it  reduces 

the  mismatch. 

A  compromise 

has  to  be 

made  in  order  to  achieve  a  good  match  and  low  attenuation  at 
the  same  time . 


(  - )  Operating  Sneed 


The  operating  speed  of  the  superconducting 
digital  phase  shifter  is  determined  by  the  switching  time  cf 
the  optical  cr  electrical  controlling  mechanism.  In  both 
cases,  the  switching  time  can  be  shorter  than  a  nanosecond. 
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we 


:ave  studied  the  physics  of  non- 


perconductivity  underlying  the  operation  of 
c ting  phase  shifter.  Relations  between 
density,  energy  gap  and  penetration  depth 
ved.  These  relations  show  that 
injection  by  external  means,  can  be  used  to 
tration  depth  and  hence,  produce  stripline 
uperconductive  transmission  lines  are  seen  to 
frequencies  of  hundreds  of  gigaherto, 
to  the  mm  and  sub-mm  wavele.ncths  recuired  in 


snnas  and  other  aoolications . 
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superconducting  phase  shifter  offers  high 
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II  TI  I 


MISSION 

of 

Rome  Air  Development  Center 


RA  VC  plans  and  zx.zc.utz  s  res  zarch,  development,  t 
and  selected  acquisition  programs  in  suppo  rt  o  f 
Command,  Control,  Communications  and  Inielligenc 
ICo I)  actcvitcei.  Technical  and  engineering 
support  xitnin  areas  of  competence  ci  provided  t 
ESV  Program  Offices  (  PCs!  and  other  ESV  elements 
to  perform  effective  acquisition  of  C'l  systems. 
The  areas  of  technical  competence  include 
communications ,  command  and  control,  battle 
management,  information  pro  cessing ,  surveillance 
sensors,  intelligence  data  collection  and  handling 
solid  state  sciences,  electromagnet  ics ,  and 
propagation,  and  electronic,  main tainab ility , 
an,  d  c  -■  ■'•:a  tic  ilit.i . 


\* *»-  "-■*  V*  V*\-  v  *„►  *  -  *  -  *_• 

*  A  A  ‘  ’  • 


aWa’a’.*! 


**  0  of  0  </*  0  X  0  cX"  0  c/4  0  o*“  0  oX*  &'X  0  X.0'X  0  o> 


